As of August 2019, among the more than 4000 confirmed exoplanets, only one has been detected in a globular cluster (GC) M4. The scarce of exoplanet detections motivates us to employ direct N -body simulations to investigate the dynamical stability of planets in young massive clusters (YMCs), which are potentially the progenitors of GCs. In an N = 128k cluster of virial radius 1.7 pc (comparable to Westerlund-1), our simulations show that most wide-orbit planets (a ≥ 20 au) will be ejected within a timescale of 10 Myr. Interestingly, more than 70% of planets with a < 5 au survive in the 100 Myr simulations. Ignoring planet-planet scattering and tidal damping, the survivability at t Myr as a function of initial semi-major axis a 0 in au in such a YMC can be described as f surv (a 0 , t) = −0.33 log 10 (a 0 ) 1 − e −0.0482t + 1. Upon ejection, about 28.8% of free-floating planets (FFPs) have sufficient speeds to escape from the host cluster at a crossing timescale. The other FFPs will remain bound to the cluster potential, but the subsequent dynamical evolution of the stellar system can result in the delayed ejection of FFPs from the host cluster. Although a full investigation of planet population in GCs requires extending the simulations to multi-Gyr, our results suggest that wideorbit planets and free-floating planets are unlikely to be found in GCs.
INTRODUCTION
It is now widely accepted that planets are prevalent in the universe (Winn & Fabrycky 2015) . The planet formation process is typically considered as a byproduct of the star formation process (e.g., Fedele et al. 2010) , which takes place mainly in star clusters and stellar associations (e.g., Lada & Lada 2003) . However, as of July 2019, with more than 4,000 confirmed exoplanets listed in the exoplanet encyclopedia 1 , only 30 of which are detected in star cluster (see Table 1 ), and PSR B1620-26 (AB) b is the only one detected in the dense globular clusters (GCs). The exoplanets detected in star clusters are plotted in Fig. 1 against exoplanets detected outside star clusters. Apart from the difference in numbers, planets detected inside and outside star clusters seems to be statistically indistinguishable, with the exception that the uppermost point to the right representing PSR B1620-26 b (see Table 1 for its orbital parameters) is probably formed by a dynamical interaction (Ford et al. 2000; Sigurdsson et al. 2003) in the dense core of Messier 4. The low number of planet detection in star clusters seems to be contradictory to the theoretical expectation (Lada & Lada 2003) . The search of planets in dense star clusters started in from the late 1990s, when researchers use the Hubble Space Telescope to observe the 47 Tucanae cluster for 8.3 days. No planet is detected despite that the cluster has 33,000 stars (Gilliland et al. 2000; Masuda & Winn 2017) . It is certainly possible that observational biases are responsible, but various analysis on planets in star clusters (e.g., Adams et al. 2006; Malmberg et al. 2007; Proszkow & Adams 2009; Spurzem et al. 2009; Malmberg et al. 2011; Parker & Quanz 2012; Hao et al. 2013; Li & Adams 2015; Cai et al. 2017 Cai et al. , 2018 van Elteren et al. 2019) have demonstrated that the dense star cluster environments (in particular, globular clusters) have implications to the formation and evolution of planets.
One could roughly divide the entire formation and evolution history of planets in star clusters, as shown in Fig 2. Planetary systems may be influenced by their birth environments in the following ways: first, during the planet formation process (Phase 1), protoplanetary discs may be photoevaporated due to the possible presence of nearby OB stars (e.g., Störzer & Hollenbach 1999; Armitage 2000; Adams 2010; Anderson et al. 2013; Facchini et al. 2016 ) and/or truncated due to stellar encounters (e.g., Clarke & Pringle 1993; Ostriker 1994; Olczak et al. 2006; Portegies Zwart 2016; Concha-Ramírez et al. 2019) , which in turn modifies the properties of the discs and ultimately causes different outcome of planet formation; second: after the planet formation process (Phase 2), planets are no longer protected by the damping of the gaseous discs, and their orbital inclinations and eccentricities can be excited or even ejected by stellar flybys. Planetary systems in the dense regions of the cluster have lower chances to survive (Spurzem et al. 2009; Hao et al. 2013; Li & Adams 2015; Cai et al. 2017; van Elteren et al. 2019; Flammini Dotti et al. 2019) . Moreover, surviving planets from high-density regions tend to have relatively high mean eccentricities and inclinations due to their stellar encounter histories . Planet-planet scattering (e.g., Raymond et al. 2009 ) and secular resonance (e.g., Rivera & Lissauer 2001 ) continue long after the cluster dissolves or the planetary system leaves the cluster (Phase 3). The field exoplanets observed nowadays are the surviving planets in this natural selection process; their diversity is therefore in part shaped by their diverse birth environments in the parental cluster. Therefore, to take into account the complex processes that eventually lead to the observable population of planets in the present day, one would have to start the simulations when planets are evolving with the host clusters in the early stage. In this study, we want to derive the orbital architectures of exoplanets in the present-day GCs, so we instead simulate the dynamical evolution of planets in young massive clusters (YMCs), which are considered as the progenitors of GCs (e.g., Kruijssen 2014) . YMCs are dense stellar systems of ≥ 10 4 M , and with a typical age of just a few Myr (Portegies Zwart et al. 2010; Longmore et al. 2014 ). Due to their young ages, a significant fraction of gas content is still presented inside the cluster, and the star formation process is likely to be ongoing. On the other hand, star formation is typically followed by planet formation (e.g., Fedele et al. 2010) . It is now widely accepted that planets are prevalent in the universe (Winn & Fabrycky 2015) . If planets did form in an ancient population of YMCs, and that they indeed have evolved into GCs that we observed in the present-day, will the planets that formed at the YMC stage be inherited by the GC? In another word, will the present-day GCs be a place to hunt for planets? If so, what would be the orbital architecture that we could expect?
The primary objective of this paper is to study the dynamical stability and orbital architectures of planetary systems in dense YMCs comparable to Westerlund-1, and the dynamical signature of free-floating planets (FFPs) in YMCs. This paper is organized as follows: the modeling approach and the initial conditions are presented in Section 2, the results are presented in Section 3, followed by discussions in Section 4. Finally, the main conclusions are summarized in Section 5.
INITIAL CONDITIONS AND SIMULATIONS
Numerical simulations of planetary systems in YMCs are constrained by three factors: First, planetary systems are chaotic few-body systems, and therefore we need to carry out a grid of simulations that covers a certain parameter space and obtain the results statistically, rather than drawing conclusions from a single simulation; Second, direct Nbody simulations with stellar evolution taken into account are generally required to simulate the collisional dynamics of YMCs, especially if the host YMC is rotating, having substructures, and/or diverting from virial equilibrium; Third, there is a hierarchical timestepping problem when evolving planetary systems in YMCs: Due to the very different dynamical timescale (days or years in planetary systems and millions of years in star clusters), the integrator is forced to adapt very small time step to resolve the planetary systems accurately, which is prohibitively expensive for integrating the host clusters.
We develop a GPU-accelerated hybrid code to tackle these challenges. We realize that star clusters and planetary systems are very different, and that they have to be modeled with their own dedicated algorithms. We first integrate the host YMCs (without planets) using NBODY6++GPU (Spurzem 1999; Aarseth 2003; Wang et al. 2015b ). The simulation is stored at a very high time resolution using an incremental adaptive storage scheme (Farr et al. 2012; Cai et al. 2015) . The storage scheme, namely "Block time step Table 1 . List of exoplanet detections in star clusters, sorted chronologically according to the years of detection. DM: detection method; TS: transit; RV: radial velocity; TM: timing; Nep: Neptune-sized; M S : Stellar mass in solar units M ; mp: planet mass in Jupiter units M J ; P : orbital period in days; TBC: to be confirmed; *: the system K2-136 is a binary system, and therefore there are two host-star mass components. a: orbital semi-major axis of the planet in au; e: orbital eccentricity of the planet; i: inclination of the planet. Stellar evolution less diverse more diverse Figure 2 . The coevolution of planetary systems in (massive) star clusters can be roughly divided into three phases. The diversity of exoplanets emerges gradually as a function of time.
(BTS) storage scheme", stores only the most recently updated particles, and thereby allows very high temporal resolution with reasonable file sizes. With the BTS data, we are then able to reconstruct the details of close encounters; the close encounters details are then inserted into the IAS15 integrator (Rein & Spiegel 2015 ) of the planetary system dynamics code rebound (Rein & Liu 2012 ). The planetary system integrator queries the position vector of the closest neighbor at a timestep of years. Such a query is implemented by interpolating the BTS data on the GPUs (graphics processing units). The communication of perturbation data is implemented with the AMUSE 2 Portegies Zwart et al. 2013; Portegies Zwart & McMillan 2018) framework. Given that the density of YMCs is very high, especially in the cluster center, we include 5 nearest perturbers 3 . For simplicity, the initial condition of the star cluster is sampled from an N = 128k Plummer model (Plummer 1911) in virial equilibrium (i.e. Q = 0.5) with a Kroupa (2001) initial mass function. We consider the mass range of stars from 0.08M to 100M . The mean stellar mass is 0.58M . We assume 10% of primordial binaries, but assume that all planets are orbiting single stars. The binary population has a thermal eccentricity distribution. The logarithmic of semi-major axes of binaries distribute uniformly from in the range of [3.5 × 10 −8 , 3.5 × 10 −4 ] parsec (0.007-72 au). The two member-stars of a binary system is equal-mass. The cluster is subject to the Galactic tidal field in the Solar neighborhood. The star cluster has an initial virial radius of Rvir = 1.74 parsec, which is comparable to Westerlund-1 (Portegies Zwart et al. 2010) . A more realistic set of YMC initial conditions that include substructures, gas, and nonvirial equilibrium states will be addressed in an upcoming study.
The diversity of exoplanets clearly shows that there is no "typical" architecture for planetary systems. A planetary system may have multiple super-Earths or mini-Neptune packed in densely populated orbits (resembles the Kepler-11 system, see Lissauer et al. 2011) , or it may have a lot of nearly massless objects spreading over a range of semimajor axis (e.g., the Kuiper belt). Inspired by these two distinctively different systems, we construct the following two models of idealized planetary systems:
• Model-A: Massless multi-planet system: the system consists of 50 test particles. The semi-major axes of these planets range from 6 au to 400 au. All planets are initially on circular and coplanar orbits. In this model, external perturbations due to stellar flybys play an exclusive role in shaping the orbits of the test particles.
• Model-B: Equal-mass multi-planet system: the system consists of 5 equal-mass planets, each of which is 3M⊕, separated with 15 mutual Hill Radii with the adjacent planet. The innermost planet has an initial semi-major axis of 0.5 au, and the outermost planet has an initial semi-major axis of 6 au. All planets are initially on circular and coplanar orbits. The system is stable without external perturbations, but its stability can be hampered when the planets are excited to higher eccentricities due to stellar flybys. In this model, we would like to study the combined effect of external perturbation and internal planet-planet scattering.
We create an ensemble of 200 identical realizations of each model and place them randomly around Solar-type stars (i.e., 1M ) in the host cluster, which results in 400 simulations. Each simulation is carried out for a timescale of 100 Myr. The simulations are carried out automatically using the Simulation Monitoring tool SiMon (Qian et al. 2017 ).
RESULTS

Surviving Orbital Architectures
We obtain statistical results from the simulation ensembles. The evolution of planetary systems in star clusters can be considered as a natural selection process, in the sense that only those planetary systems with suitable orbital architectures will be able to survive until the end of the simulations. Since Model-A surveys a wide range of semi-major axes from 6-350 au, we are able to obtain a relatively smooth distribution of survival rates as a function of initial semi-major axes, as shown in Fig. 3 . As intuitively expected, exoplanets with larger initial semi-major axes are more prone to excitation and ejections. The survival rate decreases sharply with the increment of the semi-major axis. The profile of surviving rates as a function of log 10 (a0) can be fitted with a linear decay function. The best fit yields: fsurv(a0) = −0.33 log 10 (a0) + 1.
(1)
Here, a0 is in the unit of au. The fitting above is valid for a ≥ 1 au. For planets with a < 1 au, we expect the direct effect of the stellar environments to be mostly negligible (note, however, that if planet-planet interaction is not negligible, a short-period planet with a0 < 1 can be indirectly affected by stellar encounters when an outer planet through close encounters with the inner planet; see the results of Model-B systems). Ignoring planet-planet scattering, for a planet with a semi-major axis of ∼ 30 au (comparable to Neptune's semi-major axis), the probability for it to be ejected is more than 0.5; the probability for a wide planet of a > 300 au to survive in a YMC is nearly zero. We expect the survival rates to be lower in among multi-planet systems where planetplanet interactions are important (cf. Cai et al. 2017) . In this sense, the exoplanets listed in Table 1 , most of which being short-period planets, are not entirely due to observational biases, because long-period planets indeed have difficulties to survive in dense clusters. However, the survivability can be enhanced by tidal damping at the perihelion of a highly eccentricity orbit, causing the planet to significantly shrink its orbital semi-major axis and become a short-period planet (Shara et al. 2016) .
Recently, Portegies and Cai et al. (2018) suggest that the orbital architecture of surviving planetary systems (in the field) can be used to constraint its birth environments. Inspired by this idea, in Fig. 4 we plot the survival rate matrix as a function of both initial semimajor axis and the mean stellar density in the vicinity of the planetary system. The stellar mass density of the host YMC is defined according to the Plummer density profile (e.g., Spitzer 1987) :
where ri is the distance between the perturbed planetary system and the cluster center, M is the total mass of the cluster, and aP is the Plummer scale length. A time series of ri, i = 1, 2, 3, ... is obtained through the YMC simulation using NBODY6++GPU, and the corresponding ρ(ri) is calculated according to Eq.2. The mean stellar density along the trajectory of a planetary system during the simulation time is defined as:
where Nt is the total number of time steps performed during the entire simulation. A fixed timestep of 1000 yr (comparable to ∼ 10 −3 crossing time of the cluster) per snapshot is used to sample ρ . In the limit of high mean stellar densities (at the top of the figure), the planetary system spends most of its time in the dense cluster center, and the system suffers from almost total ejection regardless of the initial semi-major axis. Planetary systems slightly outside the dense regions are allowed to survive provided that the initial semi-major axis is sufficiently small. In the outskirts of the cluster, even wide planets have fair chances to survive. However, we notice that the number of planetary systems in very high or very low mean stellar densities are small, and therefore we advise the readers not to extrapolate the data in this two regimes with low-number statistics. Interestingly, the constant feject curve, plotted with a grey line in Fig. 4 , can be roughly approximated with an exponential decay function. In the case of feject = 0.5, which means half of the planets are ejected, the ρ − a0 relation is roughly
Here, ρ is in the units of M /pc 3 . For the surviving planets of both Model-A and Model-B systems, the mean orbital eccentricities and the standard deviation of eccentricities are shown in Fig. 5 . The figure essentially states that if a planetary system manages to retain Np planets in the star cluster (at the end of the simulation), its mean orbital eccentricity should not be higher than the value given at the central point of the error bar. For instance, in order for all planets in a planetary system to survive, the system must be largely "untouched" by stellar encounters such that the mean eccentricity is of the order of e ∼ 0.05. Similarly, Fig. 6 shows the mean inclinations (and their standard deviations) as a function of Np. The inclinations are measured with respect to the primordial orbital plane of the planetary systems when the simulations start. For both models, there is an anti-correlation between the dynamical temperature of the system and the multiplicity: hotter systems have a lesser degree of multiplicity, whereas cooler systems have higher degrees of multiplicity. As a consequence of angular momentum exchanges, Model-A systems have slightly smaller e and i but larger standard deviation compared to Model-B.
Survival Rates as a Function of Time and Initial Semi-major Axes
It is clear from the previous subsection that initial semimajor axes matter to the survival rates. Now we can con- Fig. 7 and Fig. 8 , respectively. The survival rate drops rapidly during the first few Myr (especially those wide planets in Model-A), and then the decline becomes more gradual in due time. Again, the natural selection process provides a feasible explanation for this behavior: a large number of planets are eliminated in the beginning since they are unfit in dense stellar environments, but the more resilient ones prevail. In due time, the ejection rates become increasingly gradual since the surviving planets are more difficult to eject. As such, the remaining planets at the end of the simulations generally reveal the suitable orbital architectures for surviving in dense stellar environments. The planets in Model-A with a wide range of initial semi-major axes generates a series of decay profiles, which can be fitted well with a family of functional form of exponential decay:
fsurv(t, a0) = −0.33 log 10 (a0) 1 − e −0.0482t + 1,
where a0 is the initial semi-major axis in au, t is the simulation time in Myr. The fit is valid for a range of semi-major axes from 5 au to 350 au. The coefficient −0.33 characterizes the variation of fsurv (see also Fig. 3 and Eq. 1), where as the power index −0.0482 characterizes the ejection rates (see the exponential decay behavior of fsurv in Fig. 7) . The 1σ fitting error of these two aforementioned parameters are 0.00686 and 0.00226, respectively. In the limit of t = 0, Eq. 5 yields a survival rate of fsurv = 1 regardless of a0; in the limit of t → ∞, Eq. 5 gives an upper estimation of the fraction of planet population that survived from the natural selection process. With a given t, fsurv is a linear function of log 10 (a0), and at t = 100 Myr, Eq. 1 is recovered. With a certain a0, the survival rates exhibits roughly exponential decay behavior, suggesting a systematic slow-down of ejection rates at large t. However, caution should be taken when applying Eq. 5 to t → ∞, because it is certainly possible that strong encounters may occur beyond the time limit of our simulation and lead to the ejection of more planets, and therefore the upper limit provided by Eq. 5 simply assumes that the stellar environments remain roughly unchanged beyond the timescale of our simulations. When using Eq. 5 to estimate the survival rates as a function of a0 and t, the equation overpredicts the survival rates by ∼ 20% for for t < 15 Myr, but subsequently converges to an error of ∼ 5% for t > 20
Myr.
Due to the planet-planet scattering process in Model-B systems, external perturbations is no longer the sole driver of planet ejections. It is interesting to notice in Fig. 8 that the innermost planet is not necessarily the ones that have the highest chance to survive. This result is in agreement with an earlier study by Cai et al. (2017) , where they simulated smaller clusters of N = 2000, 8000, 32000 stars.
Kinematics of Free-Floating Planets
Should a planet be ejected due to the perturbation of stellar encounters, a natural question arises regarding its destination: will the planet remain gravitationally bound to the host cluster, or will it escape? In Fig. 9 , we plot the ejection speeds of free-floating planets as a function of their semimajor axis immediately prior to the ejection (aeject). The initial semi-major axes at t = 0 are shown in colors. The ejection speeds are scaled to the escape velocity of the Plummer sphere at the point of ejection (Heggie & Hut 2003) : 
where r is the distance from the planet ejection location to the host cluster center, r hm is the half-mass radius of the cluster, G is gravitational constant, and M is the total mass of the cluster. It is evident from Fig. 9 that high ejection velocities are produced from planets with smaller aeject, where the orbital velocities are higher. There are two ejection velocity regimes: (Model-B) . P0 is the innermost planet with an initial semi-major axis of 0.5 au, and P5 is the outermost planet in this model with an initial semi-major axis of 6 au.
within the shaded area, the ejected planet has sufficient velocity to escape from the cluster, and therefore once they are ejected from their planetary systems, they are also instantaneously become unbound to the cluster potential; below the line, the planets only have enough velocity to escape from their planetary systems, but they do not have sufficient velocity to escape from the host cluster, and therefore they will be free-floating planets inside the cluster. About 1/3 (∼ 28.8%) of ejected planets have sufficient speeds to escape from the host cluster immediately. This population, namely "prompt ejectors", mostly originate from the inner planetary systems with small semi-major axes. More than 2/3 of ejected planets (∼ 71.2%) are the so-called intracluster free-floating planets, which, due to their low masses, may be subsequently expelled from the host cluster through the mass-segregation process that takes place at a timescale of ∼ 200 Myr for the YMC model used in our simulations (Spitzer & Hart 1971; Hurley & Shara 2002; Portegies Zwart et al. 2006 , 2010 .
In a recent study, Wang et al. (2015a) simulate the dynamics of free-floating planets in an N ∼ 2000 star cluster using the GPU-accelerated direct N -body package NBODY6 (Aarseth 2003; Nitadori & Aarseth 2012) . They observe that the planet-to-star ratio drops rapidly by half in the first few Myr, and then followed by a steady and linear decline in the next 1.6 Gyr until the population of free-floating planets depletes. The authors argue that the rapid decay in the first few Myr is a consequence of direct ejections, whereas the steady decline is a result of the mass segregation process. Since the cluster tends to establish an equal-partition of energy, low-mass objects will, therefore, obtain high velocities and eventually escape host cluster. We expect a large population of free-floating planets in any galaxy. Nevertheless, it is important to note that the free-floating planet population has already existed at the beginning of the simulations in Wang et al. (2015a) , where they sample the initial positions and velocities of the planets from the same distribution os that of the stars. In a new study by van Elteren et al. (2019) , the free-floating planet population is generated in a more self-consistent way, as they model all planets to be initially bound to host stars, and that free-floating planets are only created upon ejections. Their simulations with a super-virial (Q = 0.6) and fractal (F = 1.26) cluster yield the prompt ejector population and the delayed ejector population as well. More interestingly, they are able to simulate the recapturing of free-floating planets. They conclude that a small fraction (∼ 1.5%) of free-floating planets are subsequently recaptured by another star. Since this fraction is low, and that the recaptured planet is typically on highly eccentric and inclined wide orbits (which are prone to perturbations) , we do not think that recapturing is an effective mechanism to help YMCs to retain planets.
Interestingly, we also observe that many planets (especially those with large ainit) have undergone substantial outward migrations. The energy injected by stellar flybys has elevated the semi-major axes of outer planets (and even a small number of inner planets), making the planetary systems increasingly "fluffy" as a function of time. Therefore, dense stellar environments can lead to an outflow of planets/massless-particles. Planets and low-mass particles can either be ejected in situ at roughly their initial semimajor axes, or undergoes outward migration and subsequently be ejected at larger semi-major axes, and thereby generate free-floating objects such as 1I/'Oumuamua (e.g., Portegies Hands et al. 2019 , Torres et al. 2019 ).
In the planetary systems where planet-planet scattering is important (e.g. Model-B systems), the ejection of planets is not solely caused by external perturbations. A series of moderate or weak encounters may gradually increase the angular momentum deficits (Laskar 1997) of an externally perturbed planetary system, and then a planet may get ejected by another planet during a close encounter event long after 10 0 10 1 10 2 10 3 10 4 10 5 10 6 a eject [au] . The x-axis is the semi-major axis of the planets prior to their ejections. The color encodes the initial semi-major (a init ) axis of ejected planets. There are two populations of free-floating planets: in the shaded area, the ejected planet has sufficient velocity to escape the host cluster immediately (∼ 28.8%); below the horizontal line, the ejected planet does not have sufficient velocity to escape the host cluster (∼ 71.2%).
the stellar encounter. Indeed, the planet ejection efficiency is roughly doubled in this "delayed ejection" scenario Cai et al. (2017) .
The Effects of Binary Perturbers
Our host cluster consists of 10% of primordial binaries with the initial semi-major axes a bin ranging from [0.007, 72] au (log(a bin ) has a uniform distribution, see Section 2) , which is by far smaller than the median distance of the closest perturber (of the order of 10 4 au), as shown in Fig. 10 . With most binary systems being hard binaries, they behave dynamically as if single perturbers (Tanikawa & Fukushige 2009 ) that double their masses (since the mass ratio is 1). In the rare event where a binary is sufficiently close to a planetary system such that its quadruple moment becomes important to the dynamics of the planetary system, a recent Monte-Carlo scattering experiment by Li & Adams (2015) has shown that the cross section for eccentricity increase would be a factor of 2 − 3.6 compared to single-star encounters.
The Uncertainty Due to the Rareness of Strong Encounter Events
Two-body relaxation in star cluster is essentially a Coulomb scattering process Ostriker (1994) , the cumulative effects of rare but strong encounters on exciting the planetary orbital eccentricities is comparable to the commutative effects frequent but weak encounters. The rareness of strong encounters may introduce a statistical uncertainty should we initialize our host cluster with a different random seed. Recently, Fujii & Hori (2018) use semi-analytical formulation to estimate the survival rates of single-planet systems in the Pleiades, Hyades, and Praesepe open clusters. They point out that, for an encounter event, clost-in planets within 1 au will have less than 1.5% probability to be ejected, and for planets within 10 au the probability of ejection due to this encounter will be at most 7%. For single-planet systems, close-in planets can only be ejected by strong encounters. This, in turns, can be translated into the frequency of strong encounters being just a few percents. As such, we do not expect that the statistical noise in the strong encounter regime to change our main result, since the robustness of our results is mainly supported by the prevalence of weakto-moderate encounter events.
DISCUSSIONS
Planet Formation in Dense Cluster Environments
The planet formation process, which takes place in protoplanetary discs, may be complicated by the high stellar density and intense radiation fields in YMCs. While our simulations cover a wide range of initial semi-major axes from 0.5 au to 350 au, the perspectives of planet formation in extreme environments is still under active debates. There are several dedicated studies on the effects of stellar environments to the protoplanetary discs. For example, a number of authors suggest that the protoplanetary disc can be truncated, or even disrupted by close stellar flybys (e.g., Olczak et al. 2012; Portegies Zwart 2016; Vincke & Pfalzner 2016; Wijnen et al. 2017; Richert et al. 2018; Vincke & Pfalzner 2018) , although the viscous evolution of the disc may be helpful in damping the eccentricity and eventually establishing a new equilibrium (Concha-Ramírez et al. 2019 ). On the other hand, the initial mass function dictates that there will be a small fraction of O/B stars that emit energetic FUV photons. Due to the proximity, these FUV photos can photoevaporate the disc (Anderson et al. 2013; Haworth et al. 2018; Winter et al. 2018) , which may prematurely halt the core accretion process and the disc-driven process.
Enhanced planet ejection efficiency due to the structural evolution of the host cluster
It is worth mentioning that the structure of the YMC is evolving quickly due to the gas expulsion (e.g., Goodwin & Bastian 2006; Baumgardt et al. 2008; Krause et al. 2016) .
Once the intra-cluster gas is gone, the cluster becomes supervivial temporarily, and the subsequent reestablishment of virial equilibrium may lead to a temporary surge of planet ejection rates. In a recent study, Zheng et al. (2015) carry out direct N -body simulations of clusters with different initial morphologies and initial virial states. They conclude that non-equilibrium conditions in host clusters can indeed boost the ejection rate, and that for a cluster of N = 1000 stars, a virial equilibrium is reestablished at an energy equalpartition timescale of 5 Myr, after which the ejection rates becomes steady again.
The recapturing of free-floating planets
Given the high stellar density, it is possible that an ejected planet can be recaptured by another star. Perets & Kouwenhoven (2012) suggest that if recapturing does happen, planets are likely to be captured into wide orbits with the new semi-major axes of the order of 10 2 − 10 6 au. In this sense, the probability for the recaptured planet to stay bound to its new planetary system depends on how long the new planetary system stays in the host YMC. If the new planetary system stays in the YMC for an extensive period of time, the chances of getting re-ejection would be high. However, if the new planetary system has already escaped from the host YMC, then the recaptured planet may be able to stay bound over secular timescales. In a related study, Jílková et al. (2015) suggest that the dwarf planet Sedna in the Solar System, as we as many Sednitos, may be a result of recapturing. In a related study, Malmberg et al. (2011) suggest another scenario where up to a few percents of low-mass intruders may themselves be captured and become bound to the host star, which can potentially lead to drastic changes in the orbital properties of the planets orbiting the stars.
The planetary mass-metallicity correlation
According to the planet-metallicity correction (Fischer & Valenti 2005) , the GC environment, which is typically metalpoor, is not ideal for the formation of Jovian planets. However, the formation of terrestrial planets is less affected by the metallicity (Wang & Fischer 2015) . In this sense, we suspect that the lack of planet detection in dense GCs such as 47 Tuc (Gilliland et al. 2000; Masuda & Winn 2017 ) is in fact due to the low frequency of the more-easily detectable Jovian planets. We speculate that short-period terrestrial planets can be found in dense GCs with next-generation surveys.
The survivability of short-period planets
While most short-period planets (a0 ≤ 1) are stable over the 100 Myr timescale of our simulations, their long-term survivability can be complicated by multiple physical processes. For example, a planet may be engulfed when its host star evolved to the post-main sequence stage (e.g., Israelian et al. 2001; Maxted et al. 2006; Nordhaus et al. 2010) . In certain cases, the existence of an inclined stellar companion or outer planet may trigger the Lidov-Kozai oscillation, pushing a close-in planet to a highly eccentric orbit. In a multi-planet system, planet-planet scattering may lead to ejections (e.g., Izidoro et al. 2017 ) and/or mutually inclined orbits (e.g., Dawson et al. 2016; Xu & Fabrycky 2019) . Nevertheless, it is evident that these complications will only affect the survivability of a fraction of planets. For example, if a planet orbits a low-mass star (which is highly likely given the power-law of the initial mass function), one could expect that the host star will remain in the main sequence longer than the typically age of the a GC; if the planet is not in a circumbinary binary system, the probability for two single stars to dynamically form a binary system and subsequently trigger the Lidov-Kozai oscillation would be low. Therefore, we expect that most of the surviving short-period planets remain bound to their host stars over Gyr timescales.
Extrapolating the results to star clusters of different sizes
This study focuses on the dynamics of exoplanet in a YMC of N = 128k and rvir = 1.74 parsec, comparable to the Westerlund-1 cluster. In an earlier study, Cai et al. (2017) carried out a parameter-space survey of the survivability of planets in star cluster of different N . Although they only evolve their simulations up to 50 Myr and the results are based on slightly different initial conditions (semi-major axis range from 5.2 to 206 au), their results allow us to obtain a scaling relationship of the planet survivability as a function of N , as shown in Fig. 11 . Extrapolating from this trend, the overall survival rates for an N = 512k cluster would be below 0.3, if planetary systems formed in such a dense cluster is still similar to the orbital architectures that we use in this study. Moreover, it is evident from the figure that the range of fsurv (denoted by the length of the error bars) is larger with bigger clusters, which is indicative that the diversity of exoplanets increases with denser and larger clusters. If we generalize Eq. 5 as fsurv(t, a0) = −α log 10 (a0) 1 − e −βt + 1,
Where α > 0 and β > 0, then one could expect that these two coefficients both depend on N . As N increases, the spreading of fsurv increases, and so α (essentially defined as α ≡ dfsurv/d log 10 (a0), see Fig. 3 ) increases. At the same time, it is likely that ejection is more efficient in a dense cluster, and so β, which characterizes the ejection efficiency, also increases.
Limitations of the results in constraining the exoplanet population in globular clusters
Cautions should be taken when interpolating the results of this work to the properties of exoplanets in GCs. First, the evolution timescale of observed GCs (multi-Gyr) is much longer than the timescale of our 100 Myr simulations. During the vast timescale of GC evolution, many physical processes, such as stellar evolution, dynamical perturbation, mass segregation of the host cluster, and the stat-planet tidal evolution can all complicate the planetary evolution. Second, the ancient YMCs that eventually evolved into the present-day GCs may have different properties (in particular, metallicity) comparing to the present-day YMCs. Last, even though recent surveys (e.g., Baumgardt et al. 2019) of GCs provide us detailed properties of the present-day GC population, we are not yet able to fully reconstruct the initial conditions of these GCs back to a few Gyr ago. Therefore, with the lack of knowledge about the initial conditions and the constrains of computing time, our results of YMC planet survivability can only be interpreted as an upper limit of the GC planet survivability.
CONCLUSIONS
As of July 2019, with more than 4,000 confirmed exoplanets, there is only one exoplanet detected in the dense globular cluster (GC) Messier 4. Motivated by this, we launch direct N -body simulations using the AMUSE framework to investigate the role of dynamical perturbations in shaping the planetary systems in dense GC environments. Our simulations start from a YMC-like environment, since it is plausible that YMCs are the progenitors of GCs. We address two fundamental problems regarding whether YMCs can harbor planets and whether GCs can inherit planets from YMCs if there are indeed evolved from YMCs. Our main conclusions are summarized as below:
• The dense stellar environments in YMCs do have profound effects in shaping planetary systems. Nascent planetary systems are forced into a natural selection process, and that only the most robust orbital architectures can survive. Dense stellar environments favor planets with short orbital periods, and the survival probability as a function of the initial semi-major axis a0 (in au) at t (Myr) can be estimated with fsurv(t, a0) = 0.33 × 10 −0.02t − 0.33 log 10 (a0) + 1. On average, the survival rates for planets with semi-major axes larger than 20 au is lower than 50% after the 100 Myr evolution. With a fixed fsurv = 0.5, the mean stellar density (in the units of M /pc 3 ) roughly scales with the a0 as ρ(a0) = 3500 exp(−0.007a0), indicating that only planets with very tight orbits can survive in the dense regions of the host cluster.
• Planetary systems with high multiplicity can only be found in the outskirts of YMCs or in the field. In contrast, the dense cluster center produces "hot" planetary systems with low-degree of multiplicity and high mean eccentricities/inclinations. The host cluster shapes its planetary system through a natural selection process in that only the most suitable orbital architectures survive, and the survivability of planets as a function of time can be well approximated with an exponential decay function.
• Weak stellar encounters produce "cluster wanderers", whereas strong encounters produce "cluster escapers". Among those free-floating planets (FFPs) produced by dynamical ejections, ∼ 28.8% of them have sufficient velocities to escape from the host clusters. These cluster escapers are mostly originated from the inner regions of the original planetary systems where the orbital speeds are high. Ejecting these short-period planets requires strong encounters, which are rare events. The prevalence of medium-to-weak encounters is only able to eject wide planets, whose low orbital velocities will cause them to be confined in the host clusters. However, "cluster wanderers" may be gradually expelled by the subsequent mass-segregation process in the host cluster.
• Free-floating planets (FFPs) in the Galactic field can be generated through four channels: (1) direct ejection from the inner regions of the original planetary systems through strong encounters; (2) ejected from the original planetary systems while remaining bound to the cluster, until being expelled by the mass-segregation process; (3) ejected from the original planetary systems and remain bound to the cluster until the dissolution of the host clusters; (4) ejected directly from an isolated planetary systems in the Galactic field, whose angular momentum deficit was stirred up by stellar encounters when the planetary systems were still in the host cluster.
If the hypothesis that YMCs being the progenitors of GCs is true, our results suggest that wide-orbit planets and free-floating planets are unlikely to be found in the presentday GCs, but the existence of short-period (a ∼ 0.1 au) terrestrial planets in dense GCs cannot be ruled out. We speculate that the lack of planet detection in dense GCs is actually due to the lack of Jovian planets in metal-poor environments, and therefore short-period terrestrial planets can still be found in dense GCs with next-generation surveys. However, a full investigation of planets evolution in GCs across multi-Gyr timescale should be addressed in subsequent studies. sara (Dutch national supercomputing center) through the SOIL (SURFsara Open Innovation Lab) initiative and the EU Horizon 2020 project COMPAT (grant agreement No. 671564). The simulations are carried out on the supercomputer Cartesius and the LGM-II GPU machine (NWO grant #621.016.701). M.B.N.K. acknowledges support from the National Natural Science Foundation of China (grant 11573004). This research was supported by the Research Development Fund (grant RDF-16-01-16) of Xi'an Jiaotong-Liverpool University (XJTLU). We acknowledge the support of the DFG priority program SPP 1992 "Exploring the Diversity of Extrasolar Planets (Sp 345/20-1)". This project makes use of the SAO/NASA Astrophysics Data system and the exoplanet.eu database.
